A new synthetic polymer of aromatic polyether (APE), having a narrow distribution of molecular weight, formed a specific self-assembly of Langmuir film (L film) on a water surface, which was subjected to surface pressure relaxation when the L film was compressed over 16.5 mN m -1 at 15 . This self-assembly was capable of transferring on silicon-wafers as LB films. We found that, because the XRD patterns for fabricated LB films depended on the crystal face of the silicon-wafer used and moreover increased in diffraction intensity with the increasing number of built-up layers in the LB film, the present LB films showed a kind of epitaxy-like phenomenon. We propose the molecular mechanism explaining that the formation of an ionic supuramolecular structure of APE occurs only on a silicon wafer surface. Photo 1 SEM Images for APE L Film on a Si wafer [111] at Various Conditions. Photo 2 AFM Images for APE 6-Layer LB Film on Different Plates. (a) Si-wafer [111] face, (b) Glass plate.
INTRODUCTION
Precision synthesis in the polymer chemistry has made it possible to prepare high functional substances suitable for various purposes [1] [2] [3] . The recent synthetic technique seems to promote the development of novel functional polymers such as biomimetic polymers, hybrid polymers of fluoro-hydrocarbon, and energy transformation polymers [4] [5] [6] [7] . However, these synthetic polymers have a wide distribution in the degree of polymerization, so that it is very difficult to get a synthetic polymer with a specific or unique function, in comparison to biological polymers. Lenze et al. proposed the chain polymerization method based on the living radical process as a novel polymerization method [8] [9] [10] [11] [12] . This new synthetic method was further improved by Lazano et al. [13] [14] [15] [16] [17] .
Recently, using this living polymerization, Yokozawa et al. have reported a new synthetic polymer of aromatic polyether (APE) with a very narrow distribution of degree of polymerization 18) . Thus, we could observe an XRD powder pattern for the solid state of APE (See curve 5 of ). However, we have not yet seen any other functional properties concerning this APE polymer.
The present paper will describe the properties of APE monolayer on water surface and also the formation of incredible self-assembly that the fabrication of APE LB films can be admitted only on Si-wafer surface depending on its crystal face.
EXPERIMENTAL

1
Novel precision polymer of aromatic polyether (APE) was synthesized by the living polymerization. shows the molecular structure of an APE, which has a molecular weight of M w = 2490, and M w /M n = 1.13, here n = 13 18) . The APE molecule is constructed from ether bonds between benzene rings, the ortho-and meta-positions of which are substituted with propyl and nitrile groups, respectively. The APE molecule may be expected to take on a water surface such a specific molecular orientation that nitrile groups work as a hydrophilic moiety, and propyl groups tend to act as a hydrophobic moiety. scattering apparatus (RIGAKU, RU-200B), and AFM and SEM images for LB film were observed by atomic force microscope (Digital Instruments, Nano Scope IIIa) and scanning electron microscope (Hitachi, S-4100), respectively. XPS measurements were performed on a JEOL JPS-9010 with a magnesium filament operating at 10 kV, 10 mA, using the Ka line.
3
When a chloroform solution of APE was spread on a water surface without any additive reagents in water subphase, the APE polymer formed a stable Langmuir film (L film) having a transition point. The p-A curves for the APE L film were measured between 5 and 45 on a water surface with surface compression rate of 5 mm min -1 . By the common technique, LB film of APE was fabricated from the L film with transfer rate of 2 mm min -1 at 15 on various kinds of substrates, for instance, Si-wafers, optical glass, CaF 2 , copper plate, mica, and quartz glass. The Siwafer surface consisted of five kinds of crystal faces; [111], [110], [100], [511] with polishing treatment and [220] without polishing treatment. The Si-wafer and glass were cleaned by K 2 Cr 2 O 7 /H 2 SO 4 mixture, and then these plates were washed in water by ultrasonic cleaner. The other substrates were cleaned by the standard method for each solid surface 19) .
RESULTS
1 p A
The APE L film on the pure water surface gave a stable p-A curve with a transition point. The transition pressure increased with increasing inverse temperature; i.e., the transition is exothermic (-36.0 kJ mol -1 ), in contrast with an endothermic transition for L film of the usual fatty acids 20) . This exothermic character may be attributed to the selfassembly of APE molecules on the water surface. After the L film was compressed up to 30 mN m -1 with 5 mm min -1 , the surface pressure of the compressed L film relaxed with time even the surface area remained constant at 15 . shows the results of the surface relaxation at various pressures of initial compression. Equilibrium pressure was established at 16.5 mN m -1 after about 2 hr at 15 . Howev-er, when the film was compressed to the pressure less than the transition pressure, the phenomenon of surface relaxation was not clearly recognized. These phenomena suggest that the APE L film would be converted spontaneously into some different kinds of physical states with the progress of surface relaxation.
2
In order to investigate the physical state of APE film after surface relaxation, the L films before and after transition were respectively transferred to one layer on the [111] face of Si-wafer. LB film was fabricated on the solid substrate at equilibrium relaxation pressure.
shows the SEM images for the film states of (a) before-transition at 10 mN m -1 , (b) compressed film at 30 mN m -1 before relaxation, and (c) after-relaxation at the equilibrium surface pressure (16.5 mN m -1 , 15 ). As shown in , many circular depositions were observed in the LB film of state (c); the size of the depositions was 220 nm in average diameter, and 20 nm in height. However, these circular depositions were not recognized on the LB film prepared at the pressure lower than the transition pressure as shown in . On the other hand, the circular depositions could not be found on solid plates other than Si-wafers as shown in , even though the APE LB films were simultaneously fabricated on both plates of Si-wafer and glass, which were equipped in parallel on the plate holder of LB apparatus. From these findings, we considered that the L film of APE on water surface spontaneously formed a novel selfassembly during the surface relaxation process, and that J. Oleo Sci. 57, (4) 233-242 (2008) the self-assembly of APE film was fixed in situ only on the Si-wafer surface. Such differences in substrate solids could be confirmed by the XRD measurements for the fabricated APE LB films. The XRD pattern for the [111] face with no LB film showed a diffraction peak at 2q = 28.56˚. In contrast, no XRD pattern was observed for the 6-layer LB film on the glass, whereas the 6-layer LB film on the Si-wafer indicated an intensively preponderant peak over original Si-wafer at 2q = 28.56˚, which was exactly the same angle as that for Siwafer itself. We note again that the 6-layer LB films shown in curves 2 and 4 in , respectively, were simultaneously fabricated from the same L film on the Si-wafer and glass substrates as described above. Also, we emphasize that though no observation was confirmed for the substrate alone, the second diffraction peak at 2q = 58.82˚ was observed as shown in curves 2 and 3 of , which suggested that these LB films form a regular and strict crystal structure.
The peak intensity of XRD patterns increases with increasing number of fabricated layers of LB films, because of the increasing number of depositions as shown in and . In practice, we observed, though we could not explain, that the XRD peak intensity for 4-layer LB film was tenfold that of 2-layer, and furthermore a few hundredfold if 6-layer LB film was compared with that of 2layer. These tendencies could not appear for the usual LB film, for instance, of fatty acids on the Si-wafer; namely, the XRD patterns based on the solid substrate should be reduced with the increasing number of LB layers. Actually, we observed that the XRD patterns based on the solid substrate disappeared in the presence of several layers of stearic acid LB film 21) .
APE LB films on Si [110], [100], and [511] faces
The fabrication of 6-layer APE LB film was performed on the other Si crystal faces. The results of XRD measurements are shown in . The 6-layer APE LB film on the [110] and [100] faces gave XRD patterns at 2q = 47.20˚ and 69.24˚, depending on each crystal face 22) , but the LB film on the [511] face indicated no XRD peak outside that of the crystal face at 95.04˚. In case of the [511] face, we will describe some possible reasons for no peak in the following section.
APE LB film on other solid plates
Furthermore, we tried to prepare 6-layer APE LB films on the quartz glass, CaF 2 , mica, and a copper plate. However, we could not observe any XRD patterns on these substrates such as those for APE LB film on the [111] face of Si-wafer. For instance, the XRD patterns for the LB film on a glass plate were only the very broad peak due to the substrate as shown in curve 4 of . In conclusion from these XRD measurements, we found the following interesting phenomena for the APE LB films: 1) Although the 6-layer or 12-layer LB films of APE was accumulated on the Si-wafer, the XRD patterns due to the APE LB film could not be observed at XRD angle estimated from molecular height of APE. Instead, 2) the accumulation of APE LB film on the Si-wafer seems to be crystallized and grow according to the crystalline structure of the Siwafer. However, 3) these epitaxy-like phenomena were rec-236 J. Oleo Sci. 57, (4) 233-242 (2008) ognized only on the crystal surface of Si-wafer but not on the crystal surface of other substrates. We suppose that some kind of molecular complexes form due to possible ionic interaction between the self-assembly of APE polymer and the Si crystal surfaces. We will more precisely discuss such a supramolecular structure formation below.
The following analytical measurements were conducted to clarify the molecular structure of APE LB film on the Siwafer.
4
It is very important to make clear why the Si-wafer could hold in situ the APE self-assembly, which had been formed on a water surface. We measured XPS spectra related to nitrogen atoms (N1s) of APE molecules in LB film.
shows the XPS spectra for APE thin films. Curve (a) in the figure was for APE LB film on the Si [111] face piled up by 6 layers, while curve (b) was for cast film formed from chloroform solution of APE on the Si [111] face in atmosphere. In curve (a) we found the two energy bounds at 396.5 eV and 407.5 eV for nitrogen atoms after etching for 40 sec at 500V by the argon ion beam, in which the former corresponds to molecular nitrogen of trivalent (N III ), and the latter is ionic nitrogen of tetravalent (N IV ) 23) . In curve (b), only one peak was observed at 396.5 eV corresponding to molecular nitrogen of N III , even though the etching treatment was performed until the observation of XPS bound corresponding to Si-atoms. We considered that the ionic nitrogen observed in curve (a) could be formed as a result of the ionic interaction between nitrile groups and silanol groups on the surface of Si-wafer. The present results mean that a difference between LB-film and cast film would be attributed to the difference of the interaction of APE molecules with the Si [111] face. These differences will be elucidated in the later argument.
5
shows the IR spectra for APE film measured by the reflection IR microscopy method. The IR spectrum for 6-layer LB film on the CaF 2 plate could be identified for functional groups from each absorption frequency comparing with APE powder spectrum obtained by KBr method. On the other hand, IR spectra for 6-layer LB film on the Si [111] face was obviously different in the following points from those of the APE 6-layer LB film on the CaF 2 plate 24) ; 1500 cm -1 for benzene ring, 1189 cm -1 for C-O-C band, and 2230 cm -1 for nitrile group. Further, we found that the absorption peak at 1500 cm -1 splits into three bands at 237 J. Oleo Sci. 57, (4) 233-242 (2008) least, probably because some benzene rings on the APE molecule would form ionic states as a results of taking the resonance structure with the nitrile group, which directly contacts the Si surface.
In practice, nitrile group at 2231 cm -1 was clearly observed for powder and 6-layers on CaF 2 plates, but absolutely disappeared for 6-layer LB film on Si-wafer. This means that nitrile groups in the LB film on Si-wafer were not present so as to be free.
DISCUSSION
1
APE molecules used in the present study were able to form a stable organized film on the water surface, after a relaxation process of surface pressure. Hereby, we think that propyl groups in APE molecule may have a hydrophobic character in a whole molecule, while a nitrile group substituted at para-position to the propyl group in a benzene ring may constitute a hydrophilic moiety as shown in . Therefore, the benzene ring must take a vertical position to the water surface, because propyl and nitrile groups in APE molecule must locate on the same plane as benzene ring, as is shown in side-view of . Furthermore, since benzene rings in APE molecule are connected with ether bonds at bond angle of 110˚2 5) one another, APE molecule may be considered to take a shape of stiff and linear polymer molecule, if sufficiently extended on water surface, as shown in a top-view of . When the APE LB film was prepared on the [111] face of Si-wafer from the APE L film at surface pressure below or just the surface relaxation pressure, the XRD patterns could not be observed at all. It is possible to suppose that since the molecule axes of linear and stiff APE molecules in the L film take a quite random orientation on the water surface, the molecular axes in the LB film prepared at such surface pressure would not be arrayed along the Si atomic regulation on the crystal surface. Therefore, we could not observe any XRD patterns for the LB film fabricated without the surface relaxation process, even though the LB film has been piled by several layers. Surface relaxation process is needed to arrange the molecular orientation in the APE L film.
When APE L film on water surface was compressed over the transition pressure (16.5 mN m -1 ), the L film could be converted into a monolayer and many circular depositions were formed with extremely slow process, differently from the case for the oleic acid film with a monolayer and its oily lens on water surface 26) . It is worth noting that the shape of circular depositions in the APE L film could be held clearly only on the Si-wafer, but not on the glass and other plates (not shown) as shown in by the AFM observations. Moreover, we found that the intensity of XRD for the APE LB film surprisingly increased with the transfer number of LB fabrication on Si-wafer as described above. Therefore, we believe that the circular depositions in L film should form a liquid crystal with a definite structure. Consequently, such formation of liquid crystal needs a long period of time in the relaxation process of surface pressure after super compression, compared to the case of oleic acid film rapidly acting as piston oil.
As a result, the compression rate of polymer APE L film must be less than 5 mm min -1 due to the structure formation on water surface, and also transfer rate has to be kept at about 2 mm min -1 . If compressed or transferred at the faster rate, APE LB film with a systematic structure could not be fabricated. We also found an interesting fact that, even if the Si-wafer was moved to vertical directions to form LB film of a Y-type, the transfer of APE film was possible to take place only for upward-process. The reason is that the hydrophobicity of propyl group is not enough to interact with LB films deposited on Si-wafer in the dipping process of the wafer. Therefore, only a Z-type organized film was always produced for APE LB film.
2
We showed the occurrence of epitaxy-like phenomena only on Si surface with APE self-assembly, which was spontaneously formed on a water surface accompanying the surface relaxation process. The precise molecular mechanism for the epitaxy-like phenomena on the Si surface is not clear, but we would like to propose some possible mechanism as follows.
The oxidized surface of the Si plate was easily converted into the silanol surface in water, zeta-potential of which was about -53.7 mV at room temperature due to the partial ionic dissociation of silanol groups. Therefore, when the APE L film came in contact with the ionic Si-wafer surface, ionic interactions took place between cationic nitrile groups of APE molecules and a negatively charged Si surface, because nitrile groups in APE molecules interacted with hydronium ions to produce cationic ammonium ions as detected by XPS measurements (see ). Ionic interactions occur in the matching points, which we call "anchoring" hereafter to fix stably APE molecules on the crystal Si surface.
shows the number of anchoring. We suppose that since APE molecules in L film are stiff and extended linearly with ether bonds, the distance between interactive nitrile groups can be easily estimated from the molecular conformation for the APE model as shown in a side-view of , meanwhile the corresponding distance between Si atoms on crystal surface also may be obtained from its crystal model. For instance, we have the value of 0.8475 nm for alternate position of nitrile groups in APE, while we have 0.7686 nm for the Si [111] face along the atomic array of Si atoms. Therefore, we have 7 anchoring points per APE on the Si [111] and [110] faces, and in the same way, 4 anchoring points for the Si [100] face and 3 anchoring points for the Si [511] face taking a discrepancy of less than about 10 into consideration as a misfit in the occurrence of epitaxy phenomena 27) . Since silanol moieties on the Si-wafer seem to be considerably mobile, in comparison with the location of silicone atoms in crystal lattice, anchoring position as shown in may be effective at high possibility. The Si-wafer surface in water at room temperature had electrical potential of about -53.7 mV due to the partial ionic dissociation of silanol moieties. Such a Si-wafer substrate was used to fabricate the APE LB film with Z-type structure from the water surface.
indicates schematic representation for transfer of APE L film onto the Si-wafer covered with silanol groups after the pressure relaxation. From the results of XRD and IR observations, we would like to propose the following processes for the occurrence of special ionic interaction between the APE LB film and the surface of Si-wafer: Nitrogen atoms of nitrile groups in APE molecule were changed into ammonium ions by the hydronium ions produced by the partial dissociation of silanol groups, and APE molecule was fixed due to the ionic interaction as shown in . Subsequently, the ammonium ions make a resonance with p-electrons in benzene rings, and the cationic benzene would be formed by the electron transfer. This is suggested by IR observations for benzene absorption, in which the corresponding spectrum was split into three peaks (see ). By these ionic interactions, the entire APE molecule could be tightly fixed on each anchor point of Si-surface. Therefore, the whole surface of Si-wafer could be covered with the first layer of APE LB film taking the two-dimensional molecular arrangement based on the regularity of crystal faces.
Let us consider to settle the second layer on the first layer of APE LB film with the Z-type structure. From the results of XRD, the second layer of APE LB film was not piled up physically on the first layer like the case of insoluble stearic acid 28) , but should be fabricated having a regularity so as to maintain a crystal face of the substrate Siwafer. In other words, this finding means that the simple accumulation of layer-on-layer in LB film did not take place, since the layer distance corresponding to molecular height estimated from the front-view of APE molecule as shown in could not be observed at all in the XRD measurements.
Therefore, it is supposed that the second layer of APE LB film may be built up on the charged first layer of LB film in a following way. Nitrile groups of APE molecule are inserted in between benzene rings of the first LB layer as shown in . Then, the ionic interaction takes place between the cationic benzene rings of the first layer and anionic nitrile groups of the second layer; these partial charges are generated as a result of the p-electron transfer from the benzene rings of the second layer as shown in Scheme 29) . Such a sequence of charge transfer would be possible to make multilayers of LB film, and the similar structural arrangements of carbon atoms similar to the Siwafer structure would have been observed as epitaxial-like phenomena in XRD measurements (see and ). On the other hand, the presence of nitrogen atoms of tetravalent was confirmed by XPS measurements for the APE LB film ( ), but not for the APE cast film ( ). This interesting fact may be explained by the idea that, when the cast APE film was formed on the Si-surface of [111] face from its chloroform solution, the oxygen atoms on Si-wafer surface which was converted into silicate as shown in , gave rise to ionic dipole interaction with carbon atoms in nitrile moieties of APE molecule. Further, cationic benzene rings as shown in were formed without formation of tetravalent nitrogen due to the electron transfer of p-electrons to the nitrile moieties.
We suppose that if the molecular interaction between APE molecule and silicate surface as shown in is possible, the successive piling-up of LB film could take place even when prepared by a cast method. In order to give evidence to this speculation we measured XRD for a cast APE film prepared on the Si-wafer surface of [111] face. The result was shown in together with that for the 12-layer APE LB film fabricated on the same kind of Siwafer surface. We found that both XRD patterns were completely identical to each other, and further, the peak intensity was obviously enhanced in comparison with the peak of XRD for the Si-wafer plate. Consequently, we emphasize that if the first layer of APE LB film may be fixed by the ionic interaction on the silicon surface, the epitaxial-like phenomenon must be possible to make a huge block of ionic self-assembly of APE molecules. In other words, such a huge block of ionic self-assembly will mean to form a supuramolecular structure of APE molecules on the Si-wafer surface. polymers 30) . Some of these structures further take a superamolecular structure, which seems to be like a huge polymer molecule as a result of molecular interaction in its selfassembly. By these interactions, multilayer LB films as a whole could build up a charged supramolecular structure. Therefore, we believe that the epitaxy-like formation of a supramolecular structure would not take place on the substrates like a glass, because they are unable to support the two-dimensional and systematic ionic interactions in the first layer. Our measurements of XRD for APE LB film on Si-wafer surface were made for the vertical direction to the APE LB film surface. Therefore, it should be said that the apparent growth of Si-crystal face caused by the built APE LB film was recognized only with regard to the vertical direction to the LB film surface. We should make clear the crystal growth for the in-plane direction by the inplane XRD measurements 31) .
If such an ionic superamolecular structure could have been formed by the arrangements of APE LB films on silicon surface, it would be expected for such an ionic superamolecular film to have some incredible characteristics in optical and elective properties. Especially we could be able to expect the electric conductive character for the Si-crystal-like polymer film.
CONCLUSION
We have got the following results; 1) Synthetic aromatic polyether, APE, could form insoluble films on the water surface, which exhibits a surfacepressure relaxation. 2) The APE LB film could be fabricated only on the Siwafer surface depending on its crystal face, but not formed on other substrates such as glass and CaF 2 .
3) The structural regularity of APE LB films was recognized with the XRD and XPS measurements. We proposed a molecular packing mechanism to form a huge block of ionic self-assembly, a supuramolecular structure, of APE molecules on the Si-wafer surface.
